Mouse recipient cytoplasts for somatic cell nuclear transfer (SCNT) are routinely prepared by mechanical enucleation (ME), an invasive procedure that requires expensive equipment and considerable micromanipulation skills. Alternatively, oocytes can be enucleated using chemically assisted (AE) or chemically induced (IE) enucleation methods that are technically simple. In this study, we compared the reprogramming potential and developmental capacity of cloned embryos generated by ME, AE, and IE procedures and treated with the histone deacetylase inhibitor valproic acid. A rapid and almost complete deacetylation of histone H3 lysine 14 in the somatic nucleus followed by an equally rapid and complete re-acetylation after activation was observed after the injection of a cumulus cell nucleus into ME and AE cytoplasts. In contrast, histone deacetylation occurred at a much lower level in IE cytoplasts. Despite these differences, the cloned embryos generated from the three types of cytoplasts developed into blastocysts of equivalent total and inner cell mass mean cell numbers, and the rates of blastocyst formation and embryonic stem cell derivation were similar among the three groups. The cloned embryos produced from ME and AE cytoplasts showed an equivalent rate of full-term development, but no offspring could be obtained from the IE group, suggesting a lower reprogramming capacity of IE cytoplasts. Our results demonstrate the usefulness of AE in mouse SCNT procedures, as an alternative to ME. AE can facilitate oocyte enucleation and avoid the need for expensive microscope optics, or for potentially damaging Hoechst staining and u.v. irradiation, normally required in ME procedures.
Introduction
Even though new methods for genomic reprogramming have been developed in the last few years (Cowan et al. 2005 , Takahashi & Yamanaka 2006 , Okita et al. 2010 , somatic cell nuclear transfer (SCNT) is still the only valid tool that offers the possibility to generate either embryonic stem cells (ntESCs) or a new organism from a single cell. However, although a considerable number of reconstructed oocytes can reach the blastocyst stage and give rise to ntESCs, the generation of live offspring remains extremely inefficient, especially in mice (!1-2%; Yang et al. 2007 , Thuan et al. 2010 . In addition, the few cloned mice that develop to term frequently exhibit several fetal and post-natal abnormalities, including placentomegaly (Wakayama & Yanagimachi 1999 , Tanaka et al. 2001 , obesity (Tamashiro et al. 2000 (Tamashiro et al. , 2002 , or premature death (Ogonuki et al. 2002) . These abnormalities have been related to the incorrect or insufficient competence of the enucleated oocytes (cytoplasts) to remove epigenetic marks of the transferred nucleus and to reprogram it correctly first into a totipotent embryonic state and later into various differentiated states during post-implantation development (Yang et al. 2007) . In this sense, oocyte enucleation is a crucial step in SCNT procedures, because an excessive loss of cytoplasm with important factors involved in nuclear reprogramming or embryonic development may irremediably affect the overall success of the SCNT procedure (Fulka et al. 2004 , Li et al. 2004 .
Until now, mechanical enucleation (ME) of metaphase II (MII)-stage oocytes has been the most preferred method used for the preparation of the recipient cytoplasts in SCNT protocols. These cytoplasts are prepared by aspiration of the MII plate and the associated spindle with a micropipette, which is a very efficient method in terms of enucleation rates (Wakayama et al. 1998) . However, removal of the whole spindle and a portion of the surrounding cytoplasm together with the chromosomes may reduce the potential of these cytoplasts to later reprogram the transferred somatic nucleus and to support further development of the cloned embryos (Simerly et al. 2003 , Miyara et al. 2006 , Van Thuan et al. 2006 , Costa-Borges et al. 2009 ). Moreover, ME of mouse oocytes is time consuming and technically demanding, due to the difficulties in distinguishing the meiotic spindle in the cytoplasm of the oocytes. This process can only be successfully performed after a lot of practice (Kishigami et al. 2006a) and with the use of microscopes equipped with modulated contrast Hoffman or Nomarski optics, or more recently the Oosight system (Markoulaki et al. 2008) , which are expensive.
In efforts to make oocyte enucleation technically easier and less invasive to the oocytes and to improve the competence of the resultant cytoplasts for SCNT, several approaches and timings for the removal of chromosome have been tested (reviewed in Fulka et al. (2004) and Li et al. (2004) ). Among them, chemically assisted (AE) and chemically induced (IE) enucleation protocols could represent alternative models to ME. The AE method, initially developed by Yin et al. (2002) in porcine oocytes, is based on the use of microtubule depolymerizing drugs to induce a cortical protrusion in the membrane of MII-stage oocytes containing all the chromosomes. This protrusion makes the localization of the chromosomes simple and straightforward, without the need for special optics. In a previous study, we have demonstrated that the AE method can also be successfully applied to mouse oocytes, yielding high rates of protrusion formation (84%) and high rates of enucleation (w90%) after the subsequent removal of the protrusion by micromanipulation. Moreover, AE avoids the removal of spindle microtubules and results in the loss of half the amount of cytoplasm volume than when ME is performed (Costa-Borges et al. 2009 ). Although healthy cloned animals from different domestic species have been produced using cytoplasts prepared by AE (Yin et al. 2002 , 2005 , Kawakami et al. 2003 , Vajta et al. 2003 , Lan et al. 2008 , the full-term development of AE cytoplasts after SCNT remains to be demonstrated in the mouse.
IE is another technically easy enucleation procedure that is based on applying the microtubule depolymerizing drugs to pre-activated oocytes to induce the extrusion of all the chromosomes within the second polar body (PB2). The enucleation efficiencies of IE are generally low (20% in the mouse; Ibáñez et al. 2003) , but aspiration of the PB2 with a micropipette can increase the efficiency up to 90%, as it avoids the reintegration of the chromosomes into the cytoplasm in some oocytes that cannot extrude the PB2 completely (Costa-Borges et al. 2011) . The cytoplasts prepared according to this method proved to be competent to support embryonic development to term after reconstruction with embryonic cell nuclei, but the embryonic developmental rates were lower than those when ME cytoplasts were used (Gasparrini et al. 2003) . Recently, we demonstrated that if NT of the somatic cells is performed prior to the activation and the antimitotic treatment, blastocyst rates can be increased to values similar to those obtained with ME cytoplasts (Costa-Borges et al. 2011) . However, the development to term of the resultant embryos was not tested in this study.
In addition to the use of alternative methods of oocyte enucleation, enhancing the potential of the resulting cytoplasts for nuclear reprogramming by treatment with epigenetic modifier drugs may also help to improve the success of the SCNT technique. In this sense, several studies have revealed that the transient treatment of mouse SCNT embryos with a histone deacetylase inhibitor (HDACi) like trichostatin A (TSA) or valproic acid (VPA) can significantly enhance the potential of the clones to develop in vitro and to term (Kishigami et al. 2006b , Rybouchkin et al. 2006 , Costa-Borges et al. 2010 . These studies have been performed only on cloned embryos produced using ME procedures, but the effects of the HDACis in cytoplasts prepared by AE or IE have never been explored.
In our study, we investigate the effect of the combination of different enucleation approaches with the use of an HDACi on the success of the SCNT technique. To this aim, we compared the in vitro embryonic development, acetylation status of histone H3 lysine 14 (H3K14), blastocyst quality, ntESCs establishment potential, and embryonic development to term, between VPA-treated mouse cloned embryos generated by ME, AE, or IE procedures.
Results
Histone acetylation levels in SCNT embryos produced using ME, AE, and IE procedures
The ratios of the acetylated H3K14 (Ac-H3K14)/DNA signal intensities at different time points after NT in cloned embryos produced using the three enucleation procedures are shown in Table 1 . The Ac-H3K14/DNA ratio 10 min after injection of the cumulus cell nucleus into cytoplasts prepared by ME and AE, or into nonmanipulated oocytes that were next subjected to IE, was between 0.91 and 0.98 and no significant differences were found among the three groups. From this time point, these values significantly decreased in oocytes enucleated by ME and AE, concomitant with premature chromosome condensation, and by 3 h after NT, acetylation of H3K14 was practically undetectable in both the groups, as evidenced in Fig. 1 . By contrast, in the IE group, the Ac-H3K14/DNA ratio showed 50% decrease 90 min after nucleus injection, with no chromosome condensation observed, and started increasing again by 3 h after NT, when acetylation signals were significantly higher than those obtained in the ME and AE groups. Afterward, by 6 h after NT, the formation of pseudopronuclei in embryos prepared by ME or AE was accompanied by increase in the Ac-H3K14/DNA ratios, which became equivalent to those obtained in embryos prepared from oocytes 790 N Costa-Borges and others enucleated by IE. By 9 h after NT, the initial Ac-H3K14/ DNA ratios observed 10 min after the nucleus injection had been restored in all groups.
In vitro embryonic development of SCNT embryos generated using ME, AE, and IE procedures
The majority of oocytes in the ME group survived the removal of spindle chromosomes complex (97.4%, Table 2 ). In the AE protocol, 97.7% of the oocytes treated with nocodazole (NOC) formed a cortical protrusion and 96.7% of them survived protrusion aspiration. In the IE group, 90.2% of the nucleus-injected oocytes showed a partially or completely extruded PB2 after ethanol activation and NOC treatment, and 93.8% of them survived PB2 aspiration.
In the three groups of reconstructed oocytes, activation rates after 6 h of incubation in SrCl 2 , as judged from the presence of one or more pronuclei (only one in the IE oocytes), were similarly high (O92.6%). The twocell and morula rates of cloned embryos generated from cytoplasts prepared by ME and AE procedures were very similar and significantly higher than those obtained in IE group. The highest rates of blastocyst formation were achieved with cytoplasts prepared by AE, although no differences were found when compared with ME. Blastocyst rates were also equivalent between the IE and the ME groups.
Embryo quality in SCNT blastocysts generated using cytoplasts prepared by ME, AE, and IE procedures
The total and inner cell mass (ICM) mean cell numbers in control parthenogenetically activated and in cloned blastocysts produced by the three enucleation procedures are shown in Table 3 . Although the total cell number was significantly higher in parthenogenetic blastocysts when compared with the three groups of cloned embryos, no differences were observed in the mean number of ICM cells among any of the groups.
Establishment of ntESCs from SCNT blastocysts produced using cytoplasts prepared by ME, AE, and IE procedures ESC lines positive for the three pluripotency markers analyzed could be derived from all groups of control and cloned embryos (Table 4 ). An example of the ntESC derivation process from an SCNT blastocyst generated from cytoplasts prepared by IE, and pluripotency Activation of the reconstructed oocytes was performed 10 min after NT. Figure 1 Acetylation level of H3K14 in VPAtreated cloned mouse embryos produced by three different enucleation procedures at different time points after nucleus injection. On the left: SCNT embryos produced from mechanically enucleated (ME) oocytes that were fixed 10 min (A), 3 h (D), 6 h (G), and 9 h (J) after NT. In the middle: SCNT embryos generated from cytoplasts prepared by assisted enucleation (AE) that were fixed 10 min (B), 3 h (E), 6 h (H), and 9 h (K) following NT. On the right: SCNT embryos produced by injection of a cumulus cell nucleus into non-manipulated oocytes, which were then subjected to the induced enucleation (IE) protocol combined with the mechanical aspiration of the PB2. The reconstructed oocytes were fixed 10 min after nucleus injection (C), 90 min post-activation in ethanol, immediately after PB2 removal (F), and 3 h (I), 6 h (L), and 9 h (M) post-NT. The corresponding DNA staining is shown for all embryos (A'-M'). Magnification !400. confirmation of the ntESC lines by immunofluorescence, is shown in Fig. 2 . All cloned and control blastocysts used in the ESC derivation process attached to the feeder cell monolayer within the first 24 h. The competence to produce outgrowths after 7 days in culture was significantly decreased in the three groups of cloned embryos when compared with both control fertilized and parthenogenetic embryos, and significant differences were also observed between the ME and the AE cloned groups. In spite of this, efficiencies of ESC lines derivation, ranging from 9.4 to 29.4%, were equivalent among all control and cloned groups.
ME + NT
Full-term development of SCNT embryos produced by ME, AE, and IE procedures A total of 219 two-cell stage cloned embryos generated from cytoplasts prepared by ME were transferred into the oviducts of 12 surrogate females and, as a result, two cloned pups developed to term and were born alive (Table 5) . Full-term development was also obtained, for the first time in the mouse, using cytoplasts prepared by AE procedures. In this case, from the 205 cloned embryos transferred into 14 females, one stillborn and one cloned pup born alive were obtained. No full-term development resulted from the 232 cloned embryos produced with IE cytoplasts transferred into the oviducts of 13 females. As expected, the highest rates of full-term development were achieved when in vivo fertilized embryos were transferred (28 pups/36 transferred embryos into three females).
All cloned pups that were born alive had body weights equivalent to those of non-cloned pups (Table 5 ). The placenta weights of the clones obtained with ME and AE procedures were very similar, but between two and three times heavier than those of the noncloned pups produced from in vivo fertilized embryos.
Discussion
Successful development of cloned embryos requires the efficient reprogramming of the donor nucleus in order to silence somatic gene expression and to activate an embryonic pattern of gene expression. Reprogramming events can be measured functionally by evaluating the development of the cloned embryos at different levels, including the rates of blastocyst formation, the proportion of SCNT embryos surviving to term, or the frequencies at which ntESCs can be established (Hochedlinger & Jaenisch 2006) . In addition, as nuclear reprogramming in cloned embryos is thought to occur at an epigenetic level and as one of the epigenetic pathways related to chromatin structure is the global level of histone acetylation (Yang et al. 2007) , the acetylation dynamics in core histones after NT can also be used as a good marker of the extent of nuclear reprogramming (Wang et al. 2007 ). In particular, acetylation of H3K14 plays an important role in mediating nucleosome remodeling, facilitating the access of the transcriptional machinery to nucleosomal DNA (MacDonald & Howe 2009), and its acetylation/ deacetylation dynamics has been analyzed in several studies involving SCNT embryos prepared by ME (Rybouchkin et al. 2006 , Wang et al. 2007 ).
In our study, the acetylation dynamics of H3K14 after SCNT was very similar between ME and AE groups, but different from that observed in cytoplasts prepared by IE. In ME or AE cytoplasts, a rapid and almost complete H3K14 deacetylation occurred in the somatic nucleus during the first 3 h after injection, followed by an equally rapid and complete re-acetylation after activation. A similar H3K14 acetylation dynamics has been described by others for cloned embryos produced from ME cytoplasts and treated with TSA (Wang et al. 2007 ). In contrast, in IE cytoplasts, the deacetylation of H3K14 Table 2 Comparative in vitro development of cloned embryos produced from cytoplasts prepared by mechanical (ME), assisted (AE), or induced (IE) enucleation procedures. Values with different superscripts within the same column differ significantly (P!0.05).
792 N Costa-Borges and others occurred at a much lower level and re-acetylation started before a complete deacetylation had been reached. Because no differences were found in terms of Ac-H3K14/DNA patterns between ME (in which the whole spindle is removed) and AE cytoplasts (in which the spindles are depolymerized before enucleation), microtubule-associated materials potentially present in AE cytoplasts but absent from ME cytoplasts do not seem to have an effect in Ac-H3K14/DNA ratios. In this sense, the differences registered in the Ac-H3K14/DNA signals between IE and ME or AE groups cannot be attributed to the potential presence of more or less spindle-associated materials in the cytoplasts produced. Instead, the differences encountered between groups are probably explained by the different times at which the reconstructed oocytes were activated (immediately after NT in the IE group versus 3 h after NT in the ME and AE groups). Indeed, previous studies have reported that histone acetylation at specific chromatin locations occurs at the time of oocyte activation and/or at early postactivation periods (Kim et al. 2003 , Spinaci et al. 2004 , Rybouchkin et al. 2006 . Alternatively, the two-step activation protocol used in the IE group could also account for the differences observed with the ME and AE groups, in which a single step of SrCl 2 activation was applied.
Whether the dynamics of H3K14 acetylation observed in ME and AE groups corresponds to a more or less efficient nuclear reprogramming compared with IE cytoplasts, however, is not clear. On the one hand, it has been suggested that hyperacetylation of core histones is correlated with a transcriptional permissive state of the chromatin. This is thought to be necessary for the activation of embryonic genes during nucleus reprogramming and could explain the beneficial effects of applying HDACis treatments before and during activation in cloned embryos produced with ME procedures to prevent histone deacetylation in the transferred nucleus (Rybouchkin et al. 2006) . In this sense, the lower deacetylation activity in the IE cytoplasts could represent an advantage of the IE protocol with regard to ME or AE methods concerning nuclear reprogramming. But, on the other hand, studies indicate that a complete deacetylation of the lysine residues of core histones before the beginning of the re-acetylation, as occurred in our ME and AE cytoplasts, may be necessary for the correct regulation of gene expression and the establishment of totipotency in the cloned embryos (Wang et al. 2007) . Histone deacetylation would allow the silencing of the somatic gene expression program before the initiation of the embryonic pattern of gene expression is induced by histone re-acetylation. This acetylation dynamic is probably facilitated by the remodeling of the transferred nucleus, including nuclear envelope breakdown and premature chromosome condensation, which in MII oocytes are promoted by the activities of maturation promoting factor (MPF) and mitogen-activated protein kinases (MAPK; Kono 1997). In our IE protocol, oocytes are activated immediately after NT, resulting in a quick decline in MPF and MAPK levels that could limit the time over which nuclear remodeling occurs and allow the expression of embryonic genes before the somatic gene expression program has been turned off.
Which of the two histone acetylation patterns observed in our study corresponds with a higher reprogramming capacity of the cytoplasts was not reflected in the in vitro development rates of the cloned embryos or in the quality of the blastocysts produced. Thus, although the rates of development to the two-cell and morula stages were lower in the IE group, the final frequencies of blastocyst formation were equivalent to those obtained in the ME group, indicating a similar reprogramming capacity between the two types of cytoplasts. These results are in accordance to our previous findings, showing that injection of the donor nucleus into IE cytoplasts prior to the activation and the antimitotic treatment results in similar blastocyst rates than when using ME procedures (Costa-Borges et al. 2011). Furthermore, results of this study also show that the quality of the SCNT blastocysts produced, in terms of total and ICM mean cell numbers, is not affected by the enucleation method applied. Differences in H3K14 acetylation dynamics were neither translated to the efficiencies of ntESC derivation from the three groups of blastocysts. Outgrowth formation was less efficient in cloned embryos than in control fertilized or parthenogenetically activated blastocysts and, because parthenogenetic blastocysts showed a higher total mean number of cells than all groups of cloned blastocysts, these differences could be explained by their higher proliferation capacity. Nevertheless, production of ESC lines after extensive culture of the outgrowths was similarly efficient in all groups of embryos, and all ntESC and control ESC lines displayed an equivalent morphology of the colonies and an equivalent pattern of expression of pluripotency markers.
In the mouse, it is well known that the efficiency of SCNT procedures (Wakayama et al. 2005 , Kishigami et al. 2007 ) and of ESC derivation (Kawase et al. 1994 , Suzuki et al. 1999 ) is influenced by the genetic background. The observed efficiencies of ESC derivation from our control embryos are similar to those previously reported by Gong et al. (2008) in the hybrid B6CBAF1 strain, which was 15.3% for parthenogenetic blastocysts. Owing to the infrequent use of hybrid B6CBAF1 animals in SCNT experiments (Gasparrini et al. 2003 , Maalouf et al. 2009 , Costa-Borges et al. 2010 , no ntESC lines have been derived from this genetic background until now, but the efficiencies obtained in ntESC derivation in this study are similar to those reported for other hybrid strains (Wakayama et al. 2005) .
To our knowledge, ntESC lines have never been derived from cloned blastocysts produced using AE and IE procedures. As for cloned ME embryos, recent studies have shown that the use of HDACis increases the potential of cloned blastocysts to produce ntESCs lines (Kishigami et al. 2006b , Ono et al. 2010 , by increasing the proliferation rate during the outgrowth phase in the derivation process (Dai et al. 2010) . Moreover, we have previously demonstrated the beneficial effects of the VPA treatments on the quality of the SCNT blastocysts produced, which showed 30-35% increase in total and ICM cell numbers in comparison to non-treated SCNT embryos (Costa-Borges et al. 2010). In line with these previous studies, it is, therefore, not surprising that VPAtreated cloned blastocysts derived from ME procedures in this study show the same potential as control fertilized and parthenogenetic embryos to produce ESC lines. And, according to our results, this potential would not be affected by the enucleation protocol used to produce the cloned embryos.
Compared with preimplantation development and ntESC derivation, development to term is much more constrained by genetic and epigenetic abnormalities of the embryos. As a result, the potential of cloned embryos to develop into live pups is much lower than to develop into blastocysts or to produce ntESC lines (Yang et al. 2007) . Successful production of live offspring is uncommon in mice and it is actually considered as the definite revelation of the perfect nuclear reprogramming (Hochedlinger & Jaenisch 2006) . For this reason, in this study, we also wanted to determine the potential of the SCNT embryos produced to develop to term after transferring them into surrogate females. Because in a previous study, we were unable to achieve full-term development from B6CBAF1 cloned embryos prepared by ME unless they were treated with the HDACis TSA or VPA (Costa-Borges et al. 2010), and in this study, we decided to include VPA in all our SCNT protocols to increase the chances of obtaining cloned mice. For the first time, a cloned mouse was successfully obtained (Yin et al. 2002 , 2005 , Tani et al. 2006 , Lan et al. 2008 . Similarly, in our study, the cloning efficiency using AE cytoplasts was equivalent to that of ME cytoplasts, demonstrating that AE cytoplasts are competent to fully reprogram the transferred nucleus in the presence of VPA and, therefore, that the AE procedure can be used as an alternative method to ME to enucleate mouse oocytes. The production of cloned mice from both ME and AE cytoplasts also support our previous findings on the beneficial effects of VPA treatments for mouse cloning in the B6CBAF1 strain (Costa-Borges et al. 2010) . These beneficial effects, corroborated in miniature pig SCNT embryos (Miyoshi et al. 2010) , have recently been questioned by Ono et al (2010) , who compared the effects of different HDACis on cloning BD129F1 mice. The discrepancy of results in the mouse species can be probably attributed to strain-specific differences, as not all HDACis are equally effective in all genetic backgrounds (Kishigami et al. 2007 , Van Thuan et al. 2009 ). With regard to the IE procedure, although Gasparrini et al. (2003) previously reported the production of a cloned mouse using cytoplasts prepared by IE, we were unable to obtain live offspring from the IE group. It should be mentioned, however, that they used ESCs as karyoplast donors, which are known to be easier to reprogram than the cumulus cells used in our study (Hochedlinger & Jaenisch 2006) . Even though a much higher number of embryos should be transferred to reach a conclusion, due to the low cloning efficiency in general with the mouse strain used in this study, the lack of offspring from cloned embryos produced from IE cytoplasts apparently indicates a reduced reprogramming capacity of IE cytoplasts when compared with that of ME or AE cytoplasts. And, according to the particular H3K14 acetylation dynamics of the donor nucleus observed in this group of cloned embryos, this could suggest that histone deacetylation may be required before activation-induced re-acetylation, to achieve a correct pattern of gene expression in the cloned embryo that allows full-term development. Because nuclear reprogramming is a slow and progressive process and because events that occur early after nucleus injection may be essential prerequisites for later events (Latham 2005) , the extent of nuclear reprogramming achieved in cloned IE embryos could have been sufficient for the dedifferentiation of the somatic nucleus to a totipotent embryonic state, but insufficient for the redifferentiation to different somatic cell types during post-implantation development (Yang et al. 2007 ). This would explain the similar rates of blastocyst development and ntESC derivation between IE and AE or ME cloned embryos, and the lack of full-term development in the IE group.
In this scenario, it is possible that delaying activation after NT during the IE procedure would allow a higher level of histone deacetylation to occur in the donor nucleus and therefore improve the reprogramming capacity of the IE cytoplasts. Analysis of pluripotency markers expression, such as POU5F1 (Oct4), as well as of acetylation levels of histone lysines other than H3K14 in IE embryos also deserves further investigation.
In summary, this study demonstrates the potential of cytoplasts prepared either by AE or IE procedures to reprogram somatic nuclei and generate cloned blastocysts of good quality, which have a similar potential to establish ntESCs lines to those prepared by ME. However, only AE cytoplasts seem to possess the same reprogramming ability as ME cytoplasts to achieve fullterm development of the cloned embryos. The production of a cloned mouse from VPA-treated SCNT embryos produced using AE procedures demonstrates that the use of microtubule depolymerizing drugs, like NOC, is compatible with the application of HDACi treatments, which are currently being used to enhance reprogramming of the somatic nucleus in most cloning protocols. Our study may open the doors to research groups willing to perform SCNT studies in mouse or other mammalian species where chromosome localization is difficult. In these cases, AE can facilitate oocyte enucleation without the need for expensive microscope optics, or for potentially damaging Hoechst staining and u.v. irradiation, as it is normally required in ME procedures.
Materials and Methods
Unless indicated, all reagents were purchased from Sigma.
Animals
All experiments were conducted according to the guidelines for animal care and handling approved by the Ethics Committee on Animal and Human Research of the Universitat Autò noma de Barcelona. Hybrid B6CBAF1 (C57BL/6J!CBA/J) female mice (age 6-12 weeks) were used as oocyte and somatic cell (cumulus cell) donors and for the collection of the in vivo fertilized embryos that were used as controls in ESCs establishment and embryo transfer procedures. Outbred CD1 females (age 6-12 weeks) mated with normal or vasectomized males of the same strain were used as foster or surrogate mothers respectively.
Collection of oocytes and embryos
Females were superovulated by i.p. injection of 5 IU of pregnant mare's serum gonadotrophin (Intervet, Barcelona, Spain) followed 48 h later by 5 IU of human chorionic gonadotrophin (hCG; Farma-Lepori, Barcelona, Spain). Cumulusoocyte complexes were collected from the oviducts 13-14 h after hCG administration in Hepes-buffered CZB medium (H-CZB, Chatot et al. 1989) and treated with hyaluronidase (300 U/ml) in H-CZB at 37 8C until cumulus cells dispersed. Cumulus-free oocytes were then washed and kept in KSOM culture medium (106-D; Millipore, Madrid, Spain) under oil, at 37 8C with 5% CO 2 in air, until use. For obtention of in vivo fertilized pronuclear-stage embryos, superovulated females were mated with B6CBAF1 males after hCG administration. Embryos were then collected from the oviducts 20-22 h later, treated with hyaluronidase, and cultured in KSOM at 37 8C and 5% CO 2 until the two-cell or blastocyst stages.
Preparation of donor cells for NT
Cumulus cells were removed from the oocytes using hyaluronidase, as described earlier, and washed by centrifugation (5 min at 300 g) in H-CZB. The cumulus cell pellet was then re-suspended in a small volume of 3% (v/v) polyvinyl pyrrolidone in H-CZB and kept on ice until the moment of the nuclear injection.
Oocyte enucleation and NT
All micromanipulations were performed with an Eppendorf micromanipulation system installed on an Olympus IX71 microscope, using Piezo-driven pipettes. A schematic view of the different methods used to produce the cloned embryos by ME, AE, or IE procedures is shown in Fig. 3 . In cytoplasts prepared by ME or AE, enucleation was performed before NT. In the ME group, oocytes were pre-treated for 5 min with 5 mg/ml cytochalasin B (CB) in H-CZB medium and then enucleated by aspiration of the spindle-chromosomes complex with a enucleation pipette (outer diameter 8-9 mm), as described previously (Wakayama et al. 1998) . In AE experiments, oocytes were first treated, in groups of 15-20, in 0.3 mg/ml NOC diluted in KSOM for 30 min at 37 8C with 5% CO 2 . After the antimitotic treatment, oocytes were washed in one drop of H-CZB and immediately transferred to the micromanipulation dish for aspiration of the cortical protrusion in H-CZB-CB medium, as described previously (Costa-Borges et al. 2009 ). Enucleated oocytes prepared either by ME or AE procedures were then washed extensively and returned to the incubator in KSOM medium for 1-2 h before reconstruction. Somatic nuclei were then isolated from cumulus cells by gently pipetting the cells in and out of the injection pipette (outer diameter 6-7 mm) and were immediately transferred into the cytoplasts. Afterward, the reconstructed oocytes were cultured for 2-3 h in KSOM supplemented with 2 mM VPA and then were activated for 6 h in Ca 2C -free CZB medium supplemented with 10 mM SrCl 2 and 5 mg/ml CB, in the continuous presence of VPA (Costa-Borges et al. 2010) . In the IE group, a reverse-order SCNT protocol was used, in which NT was performed before enucleation as previously reported (Wakayama et al. 2003 , Costa-Borges et al. 2011 . Non-manipulated MII oocytes were first individually injected with a donor nucleus. After NT, the reconstructed oocytes were pre-activated by a 5 min exposure to freshly prepared 7% (v/v) ethanol at 37 8C and treated for 15 min in 0.3 mg/ml NOC diluted in KSOM medium. Then, they were washed and cultured in KSOM medium supplemented with 2 mM VPA until PB2 extrusion. At between 90 and 120 min post-activation (p.a.) with ethanol, oocytes showing a partially or completely extruded PB2 were transferred to drops of H-CZB-CB for mechanical aspiration of the PB2 with an enucleation pipette. Once enucleated, the reconstructed oocytes were subjected to a second activation in Ca 2C -free CZB with 10 mM SrCl 2 , 5 mg/ml CB and 2 mM VPA for 6 h at 37 8C and 5% CO 2 . Finally, the reconstructed oocytes were moved to KSOM drops for another 2 h of treatment with VPA.
Irrespective of the protocol used, cloned embryos showing visible pronuclei at the end of the treatments were considered to be activated and were extensively washed and cultured in KSOM medium until the two-cell or blastocyst stages.
Immunofluorescence analysis of histone acetylation levels in SCNT embryos SCNT embryos were fixed at room temperature in 4% (w/v) paraformaldehyde in H-CZB medium at different time points after nucleus injection (10 min, 90 min, 3 h, 6 h, and 9 h). Once fixed, they were permeabilized in PBS containing 0.5% (v/v) Triton X-100, 3% (v/v) goat serum, and 0.2% (w/v) sodium azide. The samples were then washed and stored at 4 8C in a PBS blocking solution (Wickramasinghe & Albertini 1992) . When all samples had been collected, they were simultaneously processed for immunofluorescence analysis, so that staining conditions were identical for all groups. Embryos were first incubated for 1 h in a 1:500 dilution of a rabbit polyclonal anti-acetyl-H3K14 primary antibody (06-911, Millipore), washed four times in blocking solution for 10 min each, and then incubated for 1 h with Alexa Fluor 594 goat anti-rabbit IgG (6 mg/ml; Molecular Probes, Barcelona, Spain). After several washes, the samples were stained with 10 mg/ml Hoechst 33258 (Molecular Probes) for 10 min and mounted on slides in 50% (v/v) glycerol/PBS containing 25 mg/ml of sodium azide. Samples were examined using an epifluorescence microscope (Bx60, Olympus, Spain) equipped with specific filters for Hoechst and Texas Red and a 50 W mercury lamp. Digital images of the Ac-H3K14 and DNA signals were acquired on Genus Software (Olympus) using the same contrast, brightness, and exposure settings for all embryos.
The mean values of the fluorescence intensities were measured on the Ac-H3K14 and DNA channels with Image J Software (NIH, Bethesda, MD, USA) by selecting all the area of the pronuclei in 10-20 SCNT embryos for each time point and enucleation group. The average profiles represented as the ratio of Ac-H3K14/DNA signals were then used for the comparison between the different groups.
Blastocyst differential staining
A simplified technique, previously described by Thouas et al. (2001) , was used for the differential staining and counting of ICM and trophectoderm (TE) cells in cloned blastocysts. Blastocysts obtained by parthenogenetic activation of nonmanipulated MII oocytes were used as controls to have a strict control of the time when developmental process was initiated. Briefly, embryos that reached the blastocyst stage 96 h p.a. were first incubated in H-CZB medium with 1% (v/v) Triton 796 N Costa-Borges and others X-100 and 100 mg/ml propidium iodide for up to 10-12 s. Blastocysts were then immediately transferred into a fixative solution of 100% ethanol supplemented with 25 mg/ml Hoechst 33258 and stored in this solution at 4 8C overnight. The next day, blastocysts were washed and mounted on a glass microscope slide in a 3 ml drop of glycerol and flattened with a coverslip. Cell counting was performed from digital images obtained on an inverted microscope (IX71, Olympus) fitted with an ultraviolet lamp and an excitation filter that allows the visualization of the red and blue fluorochromes simultaneously (U-MNV, Olympus).
Establishment of ESC lines
ntESC lines were derived from the three groups of SCNT embryos at the blastocyst stage, following the protocol described by Wakayama et al. (2007) . As control groups, in vivo fertilized and parthenogenetic B6CBAF1 embryos at the blastocyst stage were used. Briefly, blastocysts were treated with a solution of Tyrode's acid to digest the zona pellucida and seeded onto a feeder cell monolayer of mouse embryonic fibroblasts (ECACC, Salisbury, UK) inactivated with mitomycin C (Invitrogen) (Martin & Evans 1975) . The culture medium used was a defined ESC establishment DMEM (Invitrogen) supplemented with 100 mM 2-b-mercaptoethanol (Invitrogen), 200 mM L-glutamine (Invitrogen), 100X non-essential amino acids (Invitrogen), 10 3 units/ml leukemia inhibitory factor (Millipore), 20% (v/v) knockout serum replacement (Invitrogen), and 0.1 mg/ml ACTH. Embryos were kept in culture until outgrowths were observed w7 days after seeding. Outgrowths of embryonic cells were mechanically disaggregated by a trypsin-EDTA (LabClinics, Barcelona, Spain) treatment, using a mouth-controlled Pasteur pipette to draw the clump in and out of the end of the pipette in order to reduce the ESC-like clump into smaller cell fragments and a few single cells (Robertson 1987) . Passaging was performed approximately seven times until ESC lines were considered to be definitively established. Culture was done at 37 8C in a 5% CO 2 atmosphere and the ntESC establishment medium was changed every 2 days. 
Embryo transfer
CD-1 females mated with vasectomized males of the same strain were used as recipients. All embryos were transferred at the two-cell stage into the oviducts of 0.5 day post-coitum (dpc) recipients. Between 9 and 32 SCNT embryos were cotransferred with one to three parthenogenetic embryos (10-15% of the total of embryos transferred; Meng et al. 2008) to each female. As a control of the embryo transfer procedure, in vivo fertilized embryos were also transferred to other CD-1 recipients. Females were killed at 19.5 dpc and pups were delivered by caesarean section. The pups and their corresponding placentas were weighted in an analytic scale and the cloned pups were fostered to a lactating CD-1 mother.
Statistical analysis
At least three replicates of each experiment were performed on separate days and the results obtained were pooled. Data were analyzed by c 2 test or Fisher's exact test to compare embryonic development and ESCs establishment between the different groups. Data on mean number of cells in blastocysts, Ac-H3K14 fluorescence intensity ratios, and body and placenta weights were analyzed by one-way ANOVA and compared by Tukey-Kramer test. A probability value of P!0.05 was considered to be statistically significant.
Experimental design
To evaluate and compare the potential of the cytoplasts prepared by ME, AE, and IE procedures for genomic reprogramming and embryonic development, cloned embryos treated with VPA were produced as summarized in Fig. 3 . In a first series of experiments, some SCNT embryos were fixed at different time points after cumulus cell nucleus injection (10 min, 90 min, 3 h, 6 h, and 9 h) and processed for immunofluorescence detection of Ac-H3K14. The remaining SCNT embryos were cultured in vitro and their embryonic development assessed until the blastocyst stage. By 96 h p.a., cloned blastocysts obtained from the three enucleation procedures and parthenogenetic blastocysts, used as a control, were processed for differential staining and counting of ICM and TE cells or used for the establishment of ESCs. As a control of the ESCs derivation process, in vivo fertilized embryos collected at pronuclear stage and cultured in vitro up to the blastocyst were also included.
In a second series of experiments, aimed to determine the full-term developmental potential of the SCNT embryos produced, the embryos were cultured in vitro for 24 h and those that reached the two-cell stage were transferred into the oviducts of 0.5 dpc pseudopregnant females. The pups were delivered by caesarean section at 19.5 dpc and fostered to a lactating mother (Fig. 3) .
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